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A thermophilic, aerobic, Gram-stain-positive bacterium (strain PM5T), which formed mycelia of
irregularly branched filaments and produced multiple exospores per cell, was isolated from a
geothermally heated biofilm. Strain PM5T grew at 40–65 6C and pH 4.1–8.0, with optimal growth
at 55 6C and pH 6.0. Phylogenetic analyses based on 16S rRNA gene sequences indicated that
strain PM5T belonged to the class Ktedonobacteria, and was related most closely to
Thermogemmatispora onikobensis ONI-1T (97.7 % similarity) and Thermogemmatispora foliorum
ONI-5T (96.1 %). Morphological features and fatty acid profiles (major fatty acids: iso-C17 : 0,
iso-C19 : 0 and 12,17-dimethyl C18 : 0) supported the affiliation of strain PM5T to the genus
Thermogemmatispora. Strain PM5T oxidized carbon monoxide [CO; 10±1 nmol h”1 (mg
protein)”1], but did not grow with CO as a sole carbon and energy source. Results from analyses
of related strains indicated that the capacity for CO uptake occurred commonly among the
members of the class Ktedonobacteria; 13 of 14 strains tested consumed CO or harboured coxL
genes that potentially enabled CO oxidation. The results of DNA–DNA hybridization and
physiological and biochemical tests allowed the genotypic and phenotypic differentiation of strain
PM5T from the two recognized species of the genus Thermogemmatispora. Strain PM5T differed
from Thermogemmatispora onikobensis ONI-1T in its production of orange pigment, lower
temperature optimum, hydrolysis of casein and starch, inability to grow with mannitol, xylose or
rhamnose as sole carbon sources, and utilization of organic acids and amino acids. Strain PM5T is
therefore considered to represent a novel species, for which the name Thermogemmatispora
carboxidivorans sp. nov. is proposed. The type strain is PM5T (5DSM 45816T5ATCC
BAA-2534T).

The class Ktedonobacteria (phylum Chloroflexi) includes a
large number of uncultured environmental clone sequences,
but only four described species: Ktedonobacter racemifer
(Cavaletti et al., 2006), Thermosporothrix hazakensis (Yabe
et al., 2010), Thermogemmatispora onikobensis and Thermogemmatispora foliorum (Yabe et al., 2011). Several other
strains, some of which might represent novel species, have
been isolated but not formally described (Cavaletti et al.,
2006; Stott et al., 2008). With the exception of members of

the genus Ktedonobacter, all isolates are thermophilic
heterotrophs isolated from geothermal soils or compost
(Stott et al., 2008; Yabe et al., 2010, 2011). The genome of K.
racemifer SOSP1-21T has been sequenced and analysed. It
has the largest sequenced prokaryotic genome to date with a
length of 13.7 Mbp (Chang et al., 2011). K. racemifer also
contains a cox operon that confers the potential for carbon
monoxide (CO) oxidation as determined using the gene
search function of the Integrated Microbial Genomes
database (http://img.jgi.doe.gov/).

The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene
sequence of strain PM5T is KF193526.

During a study of a unique CO-oxidizing acidic, geothermally heated biofilm, we enriched and isolated a novel COoxidizing member of the class Ktedonobacteria. The isolate
is considered to represent a novel species of the genus

Two supplementary tables are available with the online version of this
paper.
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Thermogemmatispora. We also analysed the CO uptake
potential of K. racemifer SOSP1-21T and other ktedonobacteria, as members of this group are widely distributed
and might represent a new lineage of thermophilic CO
oxidizers. Results from these analyses indicated that CO
uptake occurs commonly among the ktedonobacteria, and
that this trait might prove to be useful diagnostically.
Samples for enrichment were obtained from the Puhimau
geothermal area located on the east rift zone of Kilauea
Volcano, Hawaii, USA (19u 239 22.20 N 155u 149 56.60 W).
The site originally supported a forest of Metrosideros
polymorpha. In the mid-1930s, a near-surface magma
intrusion heated the overlying soil and forest, leaving
behind largely decayed tree stumps, which now act as
steam vents (Smith, 1981). Microbial biofilms colonize
many of the tree stumps. The reddish-brown biofilms are
acidic (pH 3.3–5.1) and experience fluctuating temperatures of about 30–60 uC depending on steam exposure;
mats vary in thickness from about 1 to 5 mm. Mats with
temperatures .40 uC were aseptically removed from tree
stumps and transferred to WhirlPak sample bags. Samples
were shipped to a laboratory at Louisiana State University
for subsequent processing.
Biofilm material (0.5 g fresh weight) was added to 5 ml of
medium VL55 containing an amino acid mixture as
described by Schoenborn et al. (2004). The resulting
slurries were incubated at 55 uC for 30 min before serially
diluting samples in medium VL55. CO (100 p.p.m.) was
added to the headspace of each dilution tube, and CO
uptake was monitored over time as described by King
(1999). All enrichments were incubated at 55 uC with

shaking at 100 r.p.m. for 7 days. The greatest dilution
with evidence of CO oxidation was plated onto medium VL55 solidified with gellan gum (PhytaGel; Sigma
Aldrich) instead of agar based on the recommendation
by Stott et al. (2008). Plates were wrapped with DuraSeal
(Diversified Biotech) and incubated at 55 uC for 14 days.
Plates were checked daily and individual colonies with
distinct morphotypes were selected, inoculated into liquid medium VL55 and screened for CO uptake. Enrichments that oxidized CO were replated as necessary to
obtain pure cultures. Two thermophilic CO-oxidizing
strains (designated PM5T and PM6) were isolated. As the
two isolates shared 98.9 % 16S rRNA gene sequence
similarity, only one strain, PM5T, was selected for full
characterization.
16S rRNA genes were amplified by PCR (Sambrook et al.,
1989; Lane, 1991) and sequenced using an ABI 3130XL
Genetic Analyzer (Applied Biosystems) at the Louisiana
State University Genomics Facility (Baton Rouge, LA,
USA). Bidirectional 16S rRNA gene sequence reads were
assembled and edited using Sequencher 4.8 (Gene Codes).
16S rRNA gene sequences were aligned to the GenBank
(NCBI) and SILVA reference 16S rRNA non-redundant
databases and taxonomically classified using SINA v. 1.2.11
(Pruesse et al., 2012). Distances were calculated according
to the Kimura two-parameter model, and phylogenetic
trees were reconstructed using the neighbour-joining,
maximum-parsimony and maximum-likelihood methods
in MEGA v. 5.1 (Tamura et al., 2011) with bootstrap values
based on 1000 replications. Strain PM5T clustered with
other members of the order Thermogemmatisporales in the
class Ktedonobacteria with high bootstrap support (Fig. 1),

Thermogemmatispora carboxidivorans PM5T (KF193526)
Strain PM6 (KF193528)
0.02

Thermogemmatispora onikobensis ONI-1T (AB547912)
Chloroflexi bacterium P352 (AM749769)
Chloroflexi bacterium T104 (AM749781)
Chloroflexi bacterium T81 (AM749782)
Strain BPP55 (KF193527)
Chloroflexi bacterium P359 (AM749770)
Thermogemmatispora foliorum ONI-5T (AB547913)
Ktedonobacter racemifer DSM 44963T (ADVG01000003)
Thermosporothrix hazakensis SK20-1T (AB500145)
Chloroflexi bacterium Ellin7237 (AY673403)
Sphaerobacter thermophilus DSM 20745T (CP001823)
Thermomicrobium roseum DSM 5159T (CP001275)

Fig. 1. Neighbour-joining phylogenetic tree based on SINA alignment of 16S rRNA gene sequences based on 1296 nt
positions. Filled circles indicate nodes that were supported by bootstrap values (1000 replications) greater than 70 % with the
neighbour-joining, maximum-likelihood and maximum-parsimony tree-building algorithms. Bar, 10 % sequence dissimilarity.
Accession numbers are given in parentheses.
http://ijs.sgmjournals.org
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and shared 97.6 % 16S rRNA gene sequence similarity with
Thermogemmatispora onikobensis ONI-1T.

Table 1. Fatty acid composition (%) of strain PM5T and related
type strains

Fatty acid content, DNA base composition (mol% G+C)
and levels of DNA–DNA relatedness between strain PM5T
and Thermogemmatispora onikobensis JCM 16817T
(obtained from the Japan Collection of Microorganisms)
were determined by the Identification Service of the
DSMZ, Braunschweig, Germany. Strain PM5T was grown
on R2A agar medium for 2 days at 55 uC and one
inoculation loopful (30–40 mg biomass) was used for fatty
acid extraction. The fatty acid methyl ester mixtures were
separated using the Sherlock Microbial Identification
System (MIS) (MIDI; Microbial ID) which utilized an
Agilent model 6890N gas chromatograph with a 5 %
phenyl-methyl silicone capillary column (0.2 mm625 m),
a flame-ionization detector and an Agilent model 7683A
automatic sampler (Agilent Technologies). Peaks were
analysed and named using the MIS Standard Software
(Microbial ID). For DNA base composition and DNA–
DNA hybridization, cells were disrupted by French pressing
and DNA was purified according to the procedure of
Cashion et al. (1977). The DNA base composition of strain
PM5T was determined from hydrolysed DNA (Mesbah
et al., 1989) on an HPLC system with a VYDAC 201SP54,
C18, 5 mm (25064.6 mm) column (Shimadzu) following
standard methods (Tamaoka & Komagata, 1984). DNA–
DNA hybridizations were carried out according to
standard methods (De Ley et al., 1970; Huss et al., 1983)
using a model Cary 100 Bio UV/VIS spectrophotometer
(Varian).

Strains: 1, PM5T; 2, Thermogemmatispora onikobensis JCM 16817T
(data from Yabe et al., 2011); 3, Thermogemmatispora foliorum ONI5T (Yabe et al., 2011); 4, Thermosporothrix hazakensis JCM 16142T
(Yabe et al., 2010); 5, K. racemifer SOSPI-21T (Cavaletti et al., 2006).
ECL, equivalent chain-length of unnamed fatty acid. 2, Not present.

The major fatty acids of strain PM5T included iso-C17 : 0
(34.01 %), iso-C19 : 0 (22.98 %) and 12,17-dimethyl C18 : 0
(23.60 %), the last being a novel fatty acid recently described
in Thermogemmatispora sp. strain T81 (Vyssotski et al.,
2012). The fatty acid profile of strain PM5T was similar to
those of other species of the genus Thermogemmatispora
except for the lower amount of iso-C17 : 0 (Table 1). The
DNA G+C content of strain PM5T was 59.0 mol%. DNA–
DNA relatedness between strain PM5T and Thermogemmatispora onikobensis JCM 16817T was 46.4 %.
Strain PM5T formed flat orange colonies embedded within
Thermomicrobium medium (TM; pH 6.5; Jackson et al.,
1973) solidified with Phytagel after growth for 4 days at
55 uC. Cells stained Gram-positive using standard methods
(Smibert & Krieg, 1994) and formed mycelia of irregularly
branched flexible filaments of indeterminate length. Strain
PM5T produced multiple exospores per cell via budding, as
determined using a Zeiss Axioscope fitted with a Neofluar
1006 objective and an AxioCam MR digital camera (Fig.
2). The morphological features of strain PM5T were
consistent with those of members of the genus Thermogemmatispora (Yabe et al., 2010).

Fatty acid

1

iso-C15 : 0
2
2
C15 : 0 3-OH
0.63
C16 : 0
iso-C16 : 0
0.37
2
10-Methyl C16 : 0
1.01
C16 : 1 2-OH
2
C17 : 0
iso-C17 : 0
34.01
0.64
anteiso-C17 : 0
5.06
C18 : 0
iso-C18 : 0
8.31
2
C18 : 1v9c
1.69
12-Methyl C18 : 0
12,17-Dimethyl C18 : 0 23.6
iso-C19 : 0
22.98
1.41
anteiso-C19 : 0
Unknown (ECL 17.08) 0.29

2

3

2
2
0.95
0.38
2
2.74
2
44.13
0.49
2.55
2.19
2
2
26.55
19.34
0.64
2

2
2
1.41
0.32
2
0.71
2
44.87
0.72
6.62
2.22
2
2
14.56
27.27
1.29
2

4

5

0.64 2.37
2
0.76
10.03 6.66
1.14 11.54
1.26 7.79
9.39 29.65
1.76
2
52.79
25
10.3
9.61
7.28 2.01
2
2
0.71 1.21
2
2
2
2
2
2
2
2
2
2

0.1 M solutions of acetic acid and sodium acetate (pH 3.1–
6.5), Na2HPO4 and HCl (pH 7.0–9.0), and Na2HPO4 and
NaOH (pH 10.0). Growth was also assessed using TM
buffered with 0.1 M solutions of pivalic acid (pH 4.1–4.5),
MES (pH 5.0–6.6), Tris (pH 7.1–8.5) and sodium bicarbonate (pH 9.1–9.5). Oxygen requirements of strain PM5T
were assessed using sealed serum bottles containing a basal
salts medium (Meyer & Schlegel, 1978) supplemented with
0.01 % yeast extract and 25 mM glucose. Microaerophilic
conditions had a ~3 % O2 atmosphere; anaerobic bottles
were flushed with N2 to completely remove O2. Nitrogen
sources supporting growth were determined on minimal
media containing 25 mM glucose as a carbon source with
addition of either 25 mM NH4Cl or 25 mM KNO3, or no
added nitrogen. Growth was measured as cell protein content.
Subsamples were collected at appropriate time intervals from
sealed serum bottles using needles and 1 cm3 syringes. Cells
were harvested by centrifugation (25 uC, 15 000 g), and cell
pellets were lysed in a 5 % SDS, 0.1 M NaOH solution with
sonication (20 s) and incubation at 95 uC for 15 min. Protein
content was determined using a bicinchoninic acid assay kit
(Pierce Protein Biology Products, ThermoScientific). All
assays were conducted in duplicate.

The temperature optimum was assessed by cultivating
strain PM5T in TM at 30–80 uC (at pH 6.5). Optimal
growth pH was determined by cultivating strain PM5T in
TM with a pH range of PH 3–10 (55 uC) prepared using

Detailed physiological characteristics of strain PM5T are
given in Table 2 and the species description. Strain PM5T
grew similarly well under aerobic and microaerophilic
conditions [growth rate constants 0.44±0.26 and
0.42±0.17 (mg protein) ml21 day21, respectively], but
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(a)

(b)

Fig. 2. Photomicrographs of strain PM5T depicting mycelium with
sporulating filaments (a) and irregularly branched filaments with
multiple budding exospores (b). Bars, 10 mm.

anaerobic growth was not observed. Strain PM5T grew
better on ammonia than nitrate, and also grew slowly
under nitrogen-limited conditions [growth rate constant
0.14±0.01 (mg protein) ml21 day21]. Strain PM5T was
catalase-positive, as determined by pipetting a 3 % hydrogen peroxide solution onto cell aggregates on a
microscope slide, and observing the formation of oxygen
bubbles. API 20 NE test strip (bioMérieux) results revealed
that strain PM5T respired nitrate and was b-glucosidaseand b-galactosidase-positive.
Strain PM5T used the following carbon sources (25 mM
each) for growth at 55 uC with a basal salts medium
supplemented with 0.01 % yeast extract: gluconate, pyruvate, glycerol, alanine, glutamate, aspartate, glucose,
mannose, lactose, sucrose, methanol, ethanol and acetone.
The following substrates were not used relative to controls
http://ijs.sgmjournals.org

containing 0.01 % yeast extract only: propionate, malonate,
tartrate, lactate, acetate, fumarate, malate, succinate,
mannitol, glycine, valine, proline, serine, methylamine,
dimethylamine, trimethylamine, betaine, galacturonate, 2propanol, glycolate, citrate, inositol, arabinose, fructose,
galactose, ribose, xylose, rhamnose or glucuronate. Growth
was assayed after 4 days as described above. Strain PM5T
hydrolysed gelatin, casein, microcrystalline cellulose,
starch, chitin and xylan (each at 0.5 %, w/v), as evidenced
by colonies surrounded by clear zones on a basal salts
medium solidified with agar (Yabe et al., 2010). Agar was
used instead of Phytagel, as pitting around colonies was
routinely observed on Phytagel media, indicating that
strain PM5T was capable of hydrolysing gellan gum. All
assays were conducted in duplicate.
Growth on various carbon sources was compared for strain
PM5T, strain PM6 and Thermogemmatispora onikobensis
JCM 16817T using the same methods described above. Of
the 13 substrates utilized by strain PM5T, only four and five
carbon sources supported growth of strain PM6 and
Thermogemmatispora onikobensis, respectively, and several
substrates were inhibitory (Table S1, available in the online
Supplementary Material). GENIII microplates (Biolog)
were also used to compare carbon metabolism of strain
PM5T and its closest described phylogenetic neighbour,
Thermogemmatispora onikobensis. Biolog plates were inoculated with cultures of strain PM5T and Thermogemmatispora onikobensis JCM 16817T that were grown in
TM for 7 and 4 days, respectively, harvested by centrifugation, washed and resuspended in Biolog inoculating fluid
B at an OD600 of about 0.1. Plates were wrapped with
DuraSeal, placed in ziplock bags and incubated at 55 uC.
Colour development at 590 nm was determined at intervals
using a microplate reader (BioTek Instruments). Notably,
strain PM5T utilized more organic acids (N-acetyl-Dglucosamine, p-hydroxyphenylacetic acid, methyl pyruvate,
D-glucuronic acid, citric acid, D-malic acid, L-malic acid,
bromosuccinic acid) and amino acids (L-alanine, L-aspartic
acid, L-glutamic acid) than Thermogemmatispora onikobensis JCM 16817T (Table S2).
To determine whether CO oxidation was a unique
diagnostic trait of strain PM5T or a common feature of
members of the class Ktedonobacteria, the CO oxidation
capacity of related strains was assessed. K. racemifer DSM
44963T was obtained from the German Resource Center
for Biological Material (DSMZ), and Thermosporothrix
hazakensis JCM 16142T was obtained from the Japan
Collection of Microorganisms. Strain BPP55 was isolated
from unvegetated cinders at a 1959 volcanic deposit at
Kilauea Volcano, and incubated at 55 uC in the laboratory for
2 months (our unpublished results). Thermogemmatispora
strains T12, T26, T81, T104, P352, P359, P497 and OLh16
were isolated from geothermal soils in the Taupo Volcanic
Zone of New Zealand (Stott et al., 2008) and were provided
by Dr M. Stott (Wairakei Research Centre, Taupo, New
Zealand).
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Table 2. Characteristics of strain PM5T and related type
strains
Strains: 1, PM5T; 2, Thermogemmatispora onikobensis JCM 16817T
(data from Yabe et al., 2011); 3, Thermogemmatispora foliorum ONI5T (Yabe et al., 2011); 4, Thermosporothrix hazakensis JCM 16142T
(Yabe et al., 2010); 5, K. racemifer SOSPI-21T (Cavaletti et al., 2006).
ND, Not determined; I, inhibitory; +, positive; 2, negative; W, weakly
positive. All strains are catalase-positive.
Characteristic

1

Colony colour Orange
DNA G+C
59
content
(mol%)
Temperature
(uC):
Optimum
55
Range
40–65
pH:
Optimum
6
Range
4.1–8.0
Microaerophilic
+
growth
Growth with:
1 % NaCl
+
2 % NaCl
2
Hydrolysis of:
Gelatin
+
Casein
+
Cellulose
+
Starch
+
Chitin
+
Xylan
+
Growth
substrates:
Mannitol
2
Inositol
I
Arabinose
I
Fructose
I
Glucose
+
Sucrose
+
Xylose
I
Rhamnose
I
Nitrate
+
reduction

2

3

4

5

White
60.2

Orange
58.1

White
54

White
53.9

60–65
50–74

60–65
45–74

50
31–58

28–33
17–40

7
4.6–8.0

7
4.6–8.0

7
5.4–8.7

ND

ND

ND

6
4.2–7.2
+

+
2

2
2

+
2

+

+
2
+
2
+
+

2
2
+
2
+
+

2
+
+
2
+
+

+
+
2
+
2
2

+
2
2
2
+
+
+
+

+
2
2
2
2
2
2
2

+
+
2
2
+
+
+
2

ND

ND

ND

W

ND
ND
ND
ND
ND
ND
ND
ND

2

For CO uptake assays, isolates were initially grown at
55 uC in TM in gas-tight serum bottles containing
100 p.p.m. CO. K. racemifer DSM 44963T was grown at
30 uC. Cell suspensions were harvested by centrifugation
and the pellets were washed and resuspended in a minimal
version of TM (TM-min) lacking yeast extract and
peptone. Aliquots (3 ml) of washed cells were transferred
to triplicate 30 cm3 sterile test tubes and sealed with
gas-tight neoprene stoppers. CO (final concentration
100 p.p.m.) was added to the headspaces, which were
assayed as described previously (King, 1999). All cultures
1248

Table 3. CO oxidation rates for strain PM5T and related strains
Values are means (±SE) of triplicate determinations.
Strain
Thermogemmatispora
onikobensis JCM 16817T
Thermosporothrix
hazakensis JCM 16142T
K. racemifer DSM 44963T
PM5T
PM6
BPP55
OLh16
P352
P359
P497
T12
T26
T81
T104

CO oxidation rate [nmol h”1
(mg protein)”1]
4.7 (0.5)
6.3 (0.1)
2
10 (1)
7 (0.6)
24 (3)
8.9 (0.4)
2
2.7 (0.2)
11 (1)
2
6.9 (0.3)
4.5 (0.2)
2

were incubated with shaking at 100 r.p.m. Cell protein
contents were determined as described above after
terminating uptake assays; CO uptake rates were expressed
per milligram of protein. K. racemifer DSM 44963T was
also screened for its ability to oxidize CO in TM, GYM
Streptomyces medium (DSMZ medium 65), a mineral
salts medium supplemented with 1 % (w/v) Phytagel, and
under microaerophilic conditions. Isolates T12, T104 and
P352 were additionally screened for CO oxidation in TM
and mineral salts media supplemented with 1 % (w/v)
Phytagel.
CO uptake rates were generally similar among strains
(Table 3), with the exception of notably low rates for New
Zealand strain P359 [2.7±0.2 nmol h21 (mg protein)21] and
high rates for Hawaiian strain BPP55 [24±2 nmol h21 (mg
protein)21]. All CO-oxidizing strains consumed CO at
environmentally relevant concentrations (,50 p.p.m.).
Additional assays of strain PM5T showed that it oxidized
CO at atmospheric concentrations [,0.5 p.p.m.; 0.38±
0.15 nmol h21 (mg protein)21]. Strains P352, T12 and
T104 and K. racemifer 44963T did not oxidize CO.
Variability in rates among isolates was unrelated to 16S
rRNA gene phylogenetic relationships. None of the isolates
was capable of using CO as a sole carbon and energy source,
as determined by assessing growth in TM-min with a 30 %
CO and 5 % CO2 headspace.
The coxL gene, which encodes the large subunit of CO
dehydrogenase, was amplified as reported by King (2003),
and sequenced, assembled and edited as described above.
coxL gene sequences were translated into predicted amino
acid sequences and aligned using MUSCLE (Edgar, 2004) in
MEGA5.1. Maximum-likelihood, maximum-parsimony and
International Journal of Systematic and Evolutionary Microbiology 64
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neighbour-joining phylogenetic trees were reconstructed in
MEGA5.1 (Tamura et al., 2011) using 1000 bootstrap
replicates.
coxL gene sequences were obtained for Thermogemmatispora onikobensis ONI-1T, K. racemifer DSM 44963T,
and strains PM5T, PM6, BPP55, T26, T81, T104, P352,
P359 and P497. These sequences formed a well-supported
monophyletic clade separate from other members of the
phylum Chloroflexi (Fig. 3). There was no differentiation
in coxL gene sequences among isolates based on CO
oxidation rates or location of isolation. Thermosporothrix
hazakensis JCM 16142T and strain OLh16 oxidized CO,
but did not yield a coxL PCR product. Of the 14 strains
tested, one (T12) lacked both CO uptake activity and
evidence of cox genes. K. racemifer DSM 44963T and
strains P352 and T104 contain coxL, yet no measurable
CO uptake was observed; thus, there appears to be some
variability among ktedonobacteria in controls of cox
expression.

Similarities in morphology, fatty acid profiles and DNA
G+C contents supported the inclusion of strain PM5T in
the genus Thermogemmatispora. Strain PM5T shared 97.7 %
16S rRNA gene similarity with Thermogemmatispora
onikobensis ONI-1T, but only 46.4 % DNA–DNA relatedness. Therefore, strain PM5T is considered to represent a
novel species within the genus Thermogemmatispora
(phylum Chloroflexi, class Ktedonobacteria, order Thermogemmatisporales, family Thermogemmatisporaceae) for
which we propose the name Thermogemmatispora carboxidivorans sp. nov. Strain PM5T differed from Thermogemmatispora onikobensis JCM 16817T in numerous
respects, particularly its ability to utilize organic acids and
amino acids. Strain PM5T could further be differentiated
from other isolates of the genus Thermogemmatispora by its
lower temperature optimum (55 uC), hydrolysis of casein
and starch, and inability to utilize mannitol, xylose or
rhamnose as sole carbon sources. Strain PM5T is a
thermophilic, aerobic CO-oxidizer. CO oxidation is a

Thermogemmatispora carboxidivorans PM5T (KF193560)
Strain PM6 (KF193559)
0.1

Thermogemmatispora onikobensis ONI-1T (KF894800)
Chloroflexi bacterium T81 (KF894797)
Strain BPP55 (KF193561)
Chloroflexi bacterium P497 (KF894795)
Chloroflexi bacterium P352 (KF894798)

A

Chloroflexi bacterium T26 (KF894794)
Chloroflexi bacterium T104 (KF894799)
Chloroflexi bacterium P359 (KF894796)
Ktedonobacter racemifer DSM 44963T (ZP 06968181)
Uncultured Pu’u Puai volcanic clone (ACL01444)
Uncultured Miyake-jima volcanic clone (ACH48171)
Thermomicrobium roseum DSM 5159T (YP 002523846)
Sphaerobacter thermophilus DSM 20745T (ZP 04495982)

B

Oligotropha carboxidovorans OM5T (YP 015605)
Bradyrhizobium japonicum USDA 6T (YP 005606712)

C

Burkholderia xenovorans LB400T (YP 558874)
‘Pseudomonas thermocarboxydovorans’ (CAA54902)
Conexibacter woesei DSM 14684T (YP 003394821)
Mycobacterium tuberculosis KZN V2475 (ZP 06954789)

D

Outgroup

Fig. 3. Neighbour-joining phylogeny of inferred coxL amino acid sequences based on 376 amino acid positions. Filled circles
indicate nodes that were supported by bootstrap values (1000 replications) greater than 70 % with the neighbour-joining,
maximum-likelihood and maximum-parsimony tree-building algorithms. Bar, 20 % sequence dissimilarity. Accession numbers
are given in parentheses. The outgroup consisted of form II coxL gene sequences from Rhodobacter sphaeroides
(YP_352939), Mesorhizobium loti (BAB48572) and Ruegeria pomeroyi DSS-3 (AAV94806). A, Chloroflexi, Ktedonobacteria;
B, Chloroflexi, Thermomicrobia; C, Proteobacteria; D, Actinobacteria.
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common feature within the genus Thermogemmatispora,
and a potentially useful diagnostic tool for differentiating
closely related strains (e.g. strains T12 and OLh16).
Description of Thermogemmatispora
carboxidivorans sp. nov.
Thermogemmatispora carboxidivorans (car.bo.xi.di.vo9rans.
N.L. neut n. carboxidum carbon monoxide; L. part. adj.
vorans devouring; N.L. part. adj. carboxidivorans carbon
monoxide-devouring).
Cells are aerobic, Gram-stain-positive, non-motile, sporeforming filaments that form branching mycelia and produce
exospores via budding. Grows at 40–65 uC (optimum 55 uC)
and pH 4.1–8.0 (optimum pH 6.0). NaCl is not required for
growth; growth is inhibited by 2 % NaCl. Grows under
microaerophilic conditions. Catalase-positive. Positive for
nitrate reduction, aesculin hydrolysis, gelatinase and bgalactosidase. Negative for indole production from tryptophan, arginine dihydrolase, fermentation and urease.
Principal fatty acids are iso-C17 : 0, 12,17-dimethyl C18 : 0 and
iso-C19 : 0. Oxidizes CO. Grows with gluconate, pyruvate,
glycerol, alanine, glutamate, aspartate, glucose, mannose,
lactose, sucrose, methanol, ethanol and acetone, but not with
propionate, malonate, tartrate, lactate, acetate, fumarate,
malate, succinate, mannitol, glycine, valine, proline, serine,
methylamine, dimethylamine, trimethylamine, betaine, galacturonate, 2-propanol, glycolate, citrate, inositol, arabinose,
fructose, galactose, ribose, xylose, rhamnose or glucuronate.
The type strain, PM5T (5DSM 45816T5ATCC BAA2534T), was isolated from a geothermally heated biofilm at
the Puhimau thermal area (Hawaii, USA). The DNA G+C
content of the type stain is 59.0 mol%.
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